Reactions of sunscreen agents, octyl dimethyl-p-aminobenzoate (ODPABA) and octyl-p-methoxycinnamate (OMC), with hypochlorite in aqueous solution were investigated under the conditions that simulate swimming pool disinfection sites. Chlorination byproducts were determined by GC-MS. At a concentration of 9 µM, ODPABA reacted rapidly with free chlorine in the buffered solution at pH 7.0, OMC reacted with hypochlorite reasonably slowly under the same condition. ODPABA and OMC produced chlorine-substituted compounds as intermediates, which were decomposed to cleavaged products of ester-bond during the aqueous chlorination process. The chlorination intermediates of OMC exhibited weak mutagenic on Salmonella typhimurium TA100 strain without the S9 mix. The extent of the reactions depended on the chlorine dose, solution pH, and compound structures.
INTRODUCTION
The focus of environmental research has been extended from traditional pollutants, such as polychlorinated biphenyls, polycyclic aromatic hydrocarbons, and pesticides, to emerging pollutants such as pharmaceuticals and personal care products (PPCPs), some of which may be carcinogenic, mutagenic and reproductively toxic. [1] [2] [3] Pharmaceutical substances are used in human and veterinary medicines and can enter to the aquatic environment following their manufacture, use or ingestion/excretion. The rapid increase in the use of pharmaceutical products is a new environmental concern and has attracted considerable attention worldwide. [4] [5] [6] Recent studies illustrate the omnipresence of numerous PPCPs in municipal wastewater effluents 1 and affected surface waters. 7) A class of compounds that are known as sunscreen agents as well as their structurally related transformation products are expected to present in aquatic environments [8] [9] [10] on the basis of their production and use. However, none of the major field studies completed thus far have included parent compounds in their analysis suite. It has been estimated that than less 15% of the PPCPs predicted to occur in the environment are actually sought analytically. 11) Structures of the sunscreen agents that were investigated in the present study are shown in Table 1 . The increased use of sunscreens has raised questions regarding the environmental impact of sunscreen ingredients. Sunscreens applied to the skin may be introduced into the chlorine-treated water and then the surface water when they are released from the skin during swimming and bathing. Although several papers [8] [9] [10] have reported the detection of sunscreens in chlorinated water and natural waters, only few papers have reported the fate of sunscreen agents in chlorinated waters such as that swimming pools. 12, 13) The possible endocrine disrupting effect of certain sunscreens is a matter of concern 14) and some of these compounds have been detected in fish from lakes used for bathing 15) and also from sediments and soils. 16) In order to provide further insight into the possible role of organic compounds in the formation of chlorine-substituted compounds and that of chlorine-induced mutagens, we continued our study on the chemistry of aqueous chlorination of organic compounds. 17, 18) The objectives of the present study are to quantify the reaction kinetics of octyl dimethyl-p-aminobenzoate (ODPABA) and octyl p-methoxycinnamate (OMC) with free available chlorine (HOCl) at various pH values, to identify the probable transformation products under conditions relevant to chlorine-based processes for swimming pool disinfection, and to evaluate mutagenic responses of both the reaction products and the parent compounds.
MATERIALS AND METHODS
Chemicals --ODPABA and OMC of analyticalreagent grade were purchased from Kanto Chemical Co. Ltd. (Tokyo, Japan) and their purities were over 98% in gas chromatographic analysis. Several OMC degradation products, such as p-methoxycinnamic acid, p-methoxybenzoic acid, p-methoxybenzaldehyde, methoxybenzene and octanone, which are probably formed when OMC reacts with hypochlorite in dilute aqueous solution, are commercially available reagents. The standards of these compounds, both individually and as a mixture, were prepared by dissolving the compounds in methanol and performing subsequent dilutions. The organic solvents (methanol 300, n-hexane 300, and ethyl acetate 300) used in this experiment were of analytical-reagent grade for pesticide residue analysis (Wako Pure Chemical Industry Co. Ltd., Osaka, Japan). Hypochlorite solution were prepared by diluting the sodium hypochlorite solution (ca. 5% available Cl; Kanto Chemical Co. Ltd.) with distilled water. The pH values of the solutions were adjusted to the required level by adding 0.1 M phosphate buffer solution. The hypochlorite concentrations were determined by means of iodometric titrations. Aqueous Chlorination of Sunscreen Agents --A mixture of 100 ml buffered solution of sunscreen agents and 1 ml hypochlorite solution was shaken in a brown separatory funnel to avoid its photodegradation at room temperature (ca., 20 • C). After the required reaction time, unreacted chlorine was removed by bubbling with dry nitrogen gas for 15 min at room temperature. The reaction mixture was then acidified to pH 2 by using 6 M hydrochloric acid before extracting 20-ml portions of n-hexane/ethyl acetate (1 : 1). The extracts were dried over anhydrous sodium sulfate and concentrated under reduced pressure at 40 • C to volumes that are suitable for GC analyses, GC-MS analyses and mutagenicity tests. Product Resolution and Determination --The extracts were analyzed using a Varian CP-3800 gas chromatograph coupled to a Saturn 2200 ion trap GC-MS (Varian, Walnut Creek, CA, U.S.A.) equipped with a TC-1 capillary column (30 m × 0.25 mm i.d., and 0.12 µm film thickness, GL Science Inc., Tokyo, Japan) under temperature ranging from 80 to 270 • C at the rate of 10 • C/min. The helium gas flow-rate was 1 ml/min. The electron ionization conditions were as follows: ion energy, 70 eV; ion source temperature, 230 • C; m/z = 50-600 full scan for qualitative analysis. A sample volume of 1 µl was splitlessly injected into the GC-MS at 270 • C. The products were identified by comparing their retention times and mass spectra with those of authentic compounds.
Quantitative analyses were performed using a Shimadzu GC-14B gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame ionization de- The analytical column and chromatographic conditions were the same as those described above. Both injector and detector temperatures were set at 270 • C. A Shimadzu C-R6A data processor was used to determine the retention times and peak areas of the chromatograms. Octadecane was used as an internal standard throughout the GC analyses of the reaction mixtures. Mutagenicity Assay --Mutagenicity of the samples was tested according to the methods of Malon and Ames 19) with some minor modifications. Because most of the mutagens formed during the reactions of the organic compounds with the chlorine in water have been shown to be positive in Salmonella typhimurium strain TA100 strain without the S9 mix, 20) this strain was used throughout the experiments. The samples were dissolved in dimethyl sulfoxide (DMSO) and preincubated with a test strain in a phosphate buffer at 37 • C for 20 min. After the addition of the test samples, the plates were incubated at 37 • C for 2 d. The assay was performed in triplicate for each sample, and the mutagenic responses were expressed as the mean of the total number of revertants observed. The mutagenic responses of the sunscreen agents and chlorination products were estimated by the least-squares regression analysis of the initial slopes of the doseresponse curves.
RESULTS AND DISCUSSION

Kinetics of the Hypochlorite Reactions
In a preliminary examination of the reactions of the sunscreen agents (ODPABA and OMC) with hypochlorite in a dilute aqueous solution at pH 7.0, the decrease in the concentration of HOCl during contact with each of these compounds was measured by using a Model RC-1 Resiclocorder (Bionics Instrument, Tokyo, Japan) at 20 • C. The decrease in the concentrations of these sunscreen agents was also determined under the same conditions by GC-FID analyses of the reaction mixtures. Furthermore, the individual reactions of the sunscreen agents with hypochlorite in water at pH 5.0, 7.0, and 9.0 were measured by iodometric titrations. Figure 1 shows the time-course changes in HOCl consumption induced by the sunscreen agents (initial concentration = 9 µM) and the residual concentrations of the parent compounds in the buffered solution at pH 7.0. As shown in the figure, HOCl was rapidly consumed by ODPABA during the first 10 min and considerably slower thereafter: approximately 50% of the active chlorine was consumed within the first 1 hr of the 24-hr reaction (ca., 18.0 moles of HOCl/mol of ODPABA) with ODPABA (Fig. 1A) . The original ODPABA in the buffered solution at pH 7.0 disappeared completely within 1 hr after exposure to aqueous chlorine under the same condition (Fig. 1B) .
In contrast to the ODPABA-hypochlorite reaction, a rapid but small consumption of HOCl by OMC occurred during the first few minutes, followed by a considerably slower secondary reaction (Fig. 1A) . In addition, the GC analyses showed that original OMC was decomposed rapidly within the first reaction step, but some OMC remained in the buffered solution at pH 7.0, despite of the presence of excess of chlorine (Fig. 1B) . The difference in the reactivity of ODPABA and OMC toward chlorine in water can be explained by the chemical structures of their substituents (methoxy and dimethylamino groups) in the benzene ring (Table 1) . Table 2 summarizes the chlorine consumptions by the 2 individual sunscreen agents in the presence of buffer reagent in chlorinated water at pH 5.0, 7.0, and 9.0. As a general trend, the rate of chlorine consumption by both the sunscreen agents decreased with an increase in the solution pH during the first 1 hr of the hypochlorite reactions. The chlorine demands of both the sunscreens in acidic solutions after 24 hr were also found to be somewhat larger than those observed under alkaline and neutral conditions. This can be explained in terms of the concentrations of undissociated hypochlorous acid (pKa = 7.5) in the chlorinated water. Figure 2 shows the typical chromatograms (with FID) of n-hexane/ethyl acetate extracts of the chlorinated ODPABA and OMC solutions at pH 7.0 after treatment with hypochlorite at 20 equivalents of HOCl per mol of the compound for 24 hr in the dark. The mass spectra of the typical peaks in Fig. 2B are also presented in Fig. 3 .
Chlorination Byproducts of Sunscreen Agents
The chromatogram ( Fig. 2A ) of the nhexane/ethyl acetate extracts obtained from the chlorinated ODPABA solution shows 7 reaction products with comparatively large GC peaks and several compounds with small GC peaks. A previous study 12) has reported that chlorine-substituted compounds and dealkylation intermediates are major products of ODPABA after its exposure to an aqueous solution of chlorine. In the present study, similar chlorination byproducts, such as C 17 H 25 Cl 2 NO 2 [Cl 2 -ODPABA] (peak 1 in Fig. 2A Considerable reaction products including compounds that had a retention time less than and greater than that of octadecane (C 18 : used as an internal standard) were observed on the chromatogram (Fig. 2B ) of the n-hexane/ethyl acetate extracts obtained from the chlorinated OMC solution. However, the nature of the compounds having small retention time, except for the octanone (C 8 ), could not be determined because these compounds exhibited smaller GC peak areas and different retention times as compared to the standard compounds tested in the present experiment.
Pattanaargson et al. 21) and Huong et al. 22) have demonstrated that when exposed to sunlight, octyl-p-methoxy-trans-cinnamate (E-OMC) rapidly transformed into octyl-p-methoxy-cis-OMC (Z-OMC) in several polar solvents, as shown in Fig. 4 . In the previous paper, 23 ) the presence of a new peak at 24.34 min, which seems to be Z-OMC, and the original peak at 26.15 min due to E-OMC could be observed on the gas chromatogram of the n-hexane/ethyl acetate extract from the aqueous OMC solution after exposure to sunlight. Further experiments 23) also showed the presence of similar chromatographic peaks to that given in Fig. 2B when the aqueous OMC solutions exposed to sunlight and then followed by treatment with hypochlorite.
Compounds corresponding to peaks 8, 10, 11, and 12 in Fig. 2B (Fig. 3) . On the basis of their mass spectra and GC retention times, these compounds were considered to be present in the chlorinated water, as their isomers of the E-OMC and Z-OMC. Furthermore, the compounds corresponding to peaks 13 and 14 in Fig. 2B (Fig. 3) . The molecular ions and their fragmentation patterns also indicate the occurrence of 2 isomers of dichloro-substituted OMC in the nhexane/ethyl acetate extract. A summary of the chlorination products identified or determined from the GC retention times and mass spectra is presented in Table 3 . According to Knowland et al. 24) ODPABA is similar to an industrial chemical that generates free radicals when illuminated and is harmless in the dark but mutagenic in sunlight, where it attacks DNA directly. It is, therefore, necessary to reveal the fate of these compounds reported here (Table 3) in chlorinated water or in an outdoor aquatic system.
Factors Affecting the Sunscreen Agenthypochlorite Reactions
Although several reports have been published on the photodecomposition of the sunscreen agents in water, 12, 21, 22) no study has been reported on the fate of the sunscreen agents-OMC and ODPABAon exposure to hypochlorite in water. Figure 5 shows the time-course changes in the reactions of the sunscreen agents with an excess of hypochlorite at room temperature in the buffered solutions at pH 7.0.
On exposure of ODPABA to aqueous hypochlorite solution, the amount of the original compound rapidly decreased with the formation of chloro-substituted compounds (Fig. 5A) . Dichlorinated ODPABA (Cl 2 -ODPABA) and OMPABA (Cl 2 -OMPABA) were present at higher concentrations in water when ODPABA was treated with hypochlorite for a short time (Fig. 5A) and at low molar ratios of hypochlorite to the compound (data not shown). These findings suggest that chlorosubstitution to the parent compound and demethylation of Cl 2 -ODPABA to form Cl 2 -OMPABA and then dichlorinated O-PABA (Cl 2 -O-PABA) in the chlorinated water occurs rapidly during the first reaction step.
Monochloro-OMC isomers were present at higher concentrations in water when the parent compound was treated with hypochlorite for a short reaction time (Fig. 5B) and at low molar ratios of hypochlorite to the compound (data not shown). This was followed by the formation of a small amount of dichloro-OMC isomers and subsequent destruction of these chloro-substituted compounds. The amounts of n-hexane/ethyl acetate extracts and those of compounds that could be studied chromatographically decreased with increasing contact time. These findings indicate the formation of highly water-soluble and non-volatile compounds during the secondary reactions in chlorine-treated OMC solution. Figure 6 shows the GC determinations of nhexane/ethyl acetate extracts from aqueous solutions of the sunscreen agents after treatment with hypochlorite at 20 equivalents of HOCl per mol of the compound and at various pH values for 1 hr in the dark. High concentrations of Cl 2 -ODPABA (column 2 in Fig. 6A ) and Cl 2 -OMPABA (column 6) were detected in the chlorinated wa- ter, whereas lower concentrations of total degradation products (column 1) and Cl-O-PABA (column 7) were detected in the chlorinated ODPABA solutions. These findings indicate that the former 2 products are stable, but the latter 3 chlorination byproducts are unstable in the chlorinated water. In addition, the total residual amounts of chlorination byproducts were found to be fairly higher in acidic chlorinated water than in the neutral and basic solutions.
In contrast to the results of ODPABAhypochlorite reactions, aqueous solutions contained monochloro-substituted OMC isomers (columns 2, 4, 5, and 6 in Fig. 6B ) at higher concentrations. This tendency was remarkable in neutral and basic conditions. Low concentrations of unreacted OMC (column 3 in Fig. 6B ) indicate that OMC reacts with hypochlorite more rapidly in acidic water than in neutral and basic solutions.
At the typical pH ranges observed during the course of most water treatment processes (pH 5-9), the major form of activated chlorine species can range from entirely hypochlorite ( − OCl) to entirely hypochlorous acid (HOCl, pKa = 7.5 at 20 • C). It has been observed that chlorine is more readily incorporated into aromatic systems at low pH values: this result is parallels with the observation that disinfection ability increases with decreasing pH. Thus, it seems that reactions of the sunscreen agents, ODPABA and OMC react with chlorine in an aqueous solution rapidly when acidic swimming pool water or wastewater is treated with an excess of hypochlorite. 
Mutagenicity Tests of the Chlorination Byproducts
Treatment of ODPABA and OMC compounds with chlorine in the aqueous solution and subsequent mutagenicity assays of their n-hexane/ethyl acetate extracts were performed to evaluate the mutagenic potentials of the parent materials and their reaction products. Table 3 shows a summary of the experimental conditions for aqueous chlorination of sunscreen agents and the results of Ames tests for the n-hexane/ethyl acetate extracts.
ODPABA and OMC compounds were not mutagenic before aqueous chlorination in the Salmonella typhimurium TA100 strain without the S9 mix (Table 4) . Aqueous chlorination not only generated mutagens from the non-mutagenic OMC compound but also toxicants from ODPABA against the tester strain TA100 without the S9 mix. The addition of the S9 mix reduced both mutagenic and toxic effects of these chlorination byproducts on the tester strain. In general, most of the mutagens formed during the reactions of organic compounds with chlorine in water were detected in the Salmonella typhimurium strain TA100 without the S9 mix 20) except for the polycyclic aromatic hydrocarbons. 25, 26) Figure 7 shows the time-course changes in the mutagenicity of aqueous sunscreen agent solutions after treatment with hypochlorite (20 equivalents of HOCl per mol of compound) at room temperature and pH 7.0. The increase in the mutagenicity during the first reaction step indicated the formation of mutagenic substances due to the hypochlorite-OMC reaction in water. However, a decrease in the mutagenicity of the OMC solution was observed for 6 hr after the completion of the reaction. This indicates that the mutagenic substances formed in the first step are unstable in chlorinated water and are then converted into non-mutagenic compounds in the subsequent reactions. Therefore, no further experiments to investigate the chemical structure of the mutagen formed in the first step were performed in this study.
